the orthophosphate form [8] , and phosphorus removal up to low limits could be achieved biologically via enhanced biological phosphorus removal or by chemical precipitation following a biological conversion stage where phosphorus is converted to the orthophosphate form. Successful studies reported the chemical precipitation of orthophosphates from sewage using calcium [9] [10] [11] [12] [13] [14] .
Nitrogen is the other macro nutrient encountered in domestic wastewater discharge [15] . Nitrogen exists in organically bound nitrogen, ammonia, nitrite, and nitrate forms in wastewater [16] . Organically bound nitrogen predominantly exists in urea in domestic wastewater discharges. In wastewater environments, organic nitrogen is readily converted to ammonium nitrogen via biochemical means [17] . Complete removal of nitrogen could be achieved biochemically via nitrification/denitrification in an activated sludge process, by which ammonia is first oxidized to nitrate and then reduced to nitrogen gas [18] [19] [20] [21] [22] . Alternatively, ammonium nitrogen can be converted to the ammonia nitrogen form by pH adjustment and then removed by ammonia stripping method [23] . Biological methods are generally employed to nitrogen removal from wastewater. Organic nitrogen compounds are broken down by organisms into ammonium. Some of the ammonia is assimilated by organisms and converted to cellular proteins while the other part is first converted to nitrite and then nitrate by "nitrification bacteria," a process called "nitrification." The conversion of nitrate ions to nitrite and then to nitrogen (N 2 ) by denitrification bacteria is expressed as "denitrification." Thus, nitrogen removal from wastewater is provided by biologically sequential nitrification and denitrification steps [24] [25] .
Organic matter removal can be achieved at high efficiencies in low-loaded (extended) biological aeration systems [26] . However, the high oxygen demand required for high-degree biological conversion makes the process costly [27] [28] . On the other hand, in high-loaded systems, adsorption of colloidal organic matter onto mixed-liquor suspended-solids (MLSS) significantly contributes to the removal of organic matter via the biological pathway [29] . The colloidal organic substances adsorbed on MLSS are removed by settling in the secondary settling tank. The contribution of adsorption to removal is high in highloaded systems, and thus decreases the oxygen demand considerably. However, as a disadvantage, low effluent organic matter concentration limits may not be achieved in high-loaded systems. Hence a further biological or physicochemical post-treatment may be required to achieve the desired low-effluent organic matter limits [30] [31] [32] .
In the present study, an activated sludge system was operated on a continuous-flow basis with high sludge load rates where bound phosphorus and nitrogen forms were converted to orthophosphate and ammonium nitrogen, respectively, at a high degree, while nitrification was not allowed to take place. We aimed to remove orthophosphates by chemical precipitation and ammonium nitrogen in ammonia gas form by air stripping in the effluent (supernatant) of the secondary settling tank. In the study, loading rate applied to biological stage was sufficient to convert bound nitrogen and phosphorus to ammonia and orthophosphate forms at a high level, while loading rate was high enough to prevent nitrification. Lime was added into the samples taken from the supernatant in the secondary settling tank. pH was increased to 10.5 and the resultant removal of ammonia nitrogen by stripping during the mixing period in the jar test apparatus, phosphate precipitation, and the removal of organic matter by lime-coagulation were investigated.
The objective of the present study was to investigate cost-effective removal of nitrogen and phosphorus nutrients, along with organic matter, from biologically pretreated domestic using chemical post-treatment. To achieve this purpose, biologically pretreated wastewater following the secondary settling was exposed to chemical treatment by lime. Thus, it was aimed to decrease phosphate, ammonium, and COD concentrations to low levels in the final effluent.
Material and Methods
The wastewater was obtained from sewage and allowed to settle in a tank under quiescent conditions for half an hour, and then supernatant was transferred to the feed reservoir. The average raw wastewater properties measured in the feed reservoir during the test period are given in Table 1 . The observations presented in Table  1 display the maximum, minimum, and mean daily measurements that were conducted during the test period. The wastewater in the feed reservoir was continuously agitated during the study with diffused air aeration, to both maintain homogenous conditions in the feed supply and prevent the development of anoxic/anaerobic conditions in the reservoir. The wastewater was pumped into the biological aeration column on a continuousflow basis. The feed reservoir volume was replenished with fresh pre-settled wastewater, as mentioned above, at intervals during the operational period. The feed reservoir was kept under ambient temperature conditions where wastewater temperature ranged between 15ºC and 17ºC. All the tests in the study were conducted at ambient conditions that ranged between 21ºC and 23.5ºC. The experimental setup included a biological aeration unit and a secondary settling tank. The aeration tank was a cylindrical column with 0.16 m inner diameter. Water depth in the column was altered based on the applied flowrate to maintain 2.6 h hydraulic retention time for each test flowrate. Effluent from the biological column was withdrawn using a variable-speed pump on a continuousflow basis. Fine bubble aeration through a rubber diffuser was applied for biological oxygenation. The biological reactor was ideally operated under completely mixed stirred-tank conditions.
Before starting the tests, activated sludge biomass was reproduced in the system (Fig. 1) . For the reproduction of activated sludge microbial culture, wastewater was pumped into the aeration column at a 2 L/h fixed flowrate on a continuous-flow basis. The hydraulic retention time was adjusted to 3 h in the column, corresponding to a 0.3 m water column head. The mixed-liquor was withdrawn from the side of the biological reactor by a pump at the same flowrate as influent flowrate on a continuous-flow basis. Then effluent from the biological reactor was allowed to settle and separate in the secondary settler for two hours of hydraulic retention time. The effluent supernatant from the settler was discharged and the settled sludge was recycled to the biological aeration column on a continuous-flow basis.
Bio-kinetic parameters were determined using the same setup depicted in Fig. 1 , for which the system was operated on a continuous-flow basis without the sludge recycle. Six different hydraulic retention times were tested to determine the biological system kinetic constants under ambient temperature conditions. Hydraulic retention time was adjusted by maintaining the required water column head in the column.
At first, tank volume (water column head) was adjusted to the desired level to maintain the required hydraulic retention time (3 h), and then MLSS concentration in the biological stage was increased to about 1,200 mg/L with biomass reproduction, which was achieved by applying continuous-flow operation with the sludge recycle. Following the reproduction period, sludge recycle was stopped and tests were initiated to determine the biokinetic parameters. During the tests, mixed-liquor samples that were withdrawn from the aeration column at certain intervals were filtered. Filtrates were analyzed for COD concentration, and thereby steady-state was detected. When the steady-state was observed for COD, BOD 5 , and MLSS, the concentrations were measured and the single flowrate test operation was terminated. It was assumed that steady-state COD concentration approximately indicated that BOD 5 concentration was also at a steadystate. The test operations were repeated for six different flowrates. Using CFSTR operational mode and steadystate operational conditions, kinetic parameters were determined with the mass balance equations as outlined in the appendix. In mass-balance equations, the Monod model was applied for biomass growth and the resulting model constants were determined.
Following determination of the kinetic constants, operational tests for nutrient removal were conducted for three different flowrates. The hydraulic retention time was kept constant by maintaining the required water column head in the column for each test operation. In other words, hydraulic retention time was kept constant at each flow operation by adjusting the water column head. The mixed-liquor suspended solids were withdrawn from the biological column with a peristaltic pump at flowrates equal to the influent flowrate. The constant hydraulic retention time operation aimed at an almost constant sludge age operation, to the attainable extent, to avoid nitrification [33] . We observed BOD 5 removal as well as ammonium nitrogen and orthophosphate formation ratios in the biological reactor in the tested relatively short hydraulic retention times. At each operation, MLSS concentration in the biological reactor was maintained at around 3,000 mg/L by sludge recirculation. Computed sludge ages in the system considered only the sludge mass in the biological reactor. Effluent quality properties given in tables reflect the steady-state conditions for each test operation.
The mixed-liquor suspended solid samples taken under steady-state operational conditions were filtered, and filtrates were analyzed for organic matter, suspended matter, nitrogen, and phosphorus concentrations. Filtrates were then subjected to post-chemical treatment, for which lime was added to the filtrates and pH was increased to 10.5. The volume of the filtrates that were subjected to chemical processing was 500 mL for each test. The lime dosage aimed to: 1) convert ammonium ions to ammonia gas, 2) remove phosphate with calcium ions as precipitate, and 3) remove BOD 5 
Analysis Methods
To determine phosphorus content, samples were analyzed for orthophosphates using the ascorbic acid colorimetric method on a spectrophotometer at 880 nm (Novaspec II). Total phosphorus content was determined by following the acidic digestion of the samples at 450ºC. Following the pH adjustment, absorbance was measured with the ascorbic acid colorimetric method using a Novaspec II spectrophotometer at 880 nm wavelength.
To determine the sample nitrogen content, samples were initially analyzed for ammonium nitrogen content using the Nessler method with a spectrophotometer (HACH DR/2000). Then, bound nitrogen was digested to ammonium nitrogen in a TKN distillator (Selecta ProNitro II) and then total ammonium nitrogen (TKN) was determined. Nitrate and nitrite analyses were conducted with a spectrophotometer (HACH DR/2000).
Results and Discussion

Determining Kinetic Parameters
Each substrate and MLSS concentration measurement given in Table 2 reflects the steady state system operation. Biological column effluents were analyzed for MLSS (X) and effluent filtrates were analyzed for COD and BOD 5 (S) concentrations. The applied flowrates and observed S and X concentrations in the effluent are presented in Table  2 , which also outlines the computed data for determining kinetic parameters: column (1) shows the number of tests; column (2) indicates the flowrate into and out of the column; columns (3) and (4) indicate the water column heads and resulting hydraulic retention times in the aeration column; columns (5) and (6) indicate the effluent MLSS concentration and filtrate BOD 5 concentration; and columns (7), (8), (9), and (10) indicate the computed parameters.
The computed data in Table 2 were utilized to estimate Y and k d parameters in the regression equation form as given in Eq. 1.
(1)
In Fig. 2 , the derived linear equation is drawn using the data given in Table 2 . From the derived regression equation line, Y and k d parameter values were found to be 0.556 and 0.055 day -1 , respectively. Computed data in Table 2 was also utilized for determining two other kinetic unknowns, K s and μ max .
A plot of
gives K s and μ max parameter values in regression form as in Eq. (2).
(2)
Using the data given in Table 2 , the regression line obtained is given in Fig. 3 . Table 2 . Operational system data for determining kinetic parameters.
Observed data
Computed data 
Operational Tests at Constant Hydraulic Retention Time
It was the aim of our study to operate the system at a constant sludge age to control nitrification. To achieve this goal in the operated system in a practical way, hydraulic retention time in the biological reactor was maintained at a constant at 2.6 h and applied to four different flowrates, and the resulting practical and theoretical sludge ages were calculated. The principal aim of almost constant sludge age operation was to simulate the previously published system [33] , which aimed to maintain constant hydraulic retention time under different flowrates resulting in different water depths (water column heads) in the aeration channel. At the implemented four different flowrates, MLSS concentrations in the biological column were maintained at around 3,000 mg/L. Average MLSS concentrations in the recycled sludge were around 6,800 mg MLSS/L with slight deviations. The operation for a single flowrate lasted until steady state was achieved for the filtered effluent COD concentration. When COD did not exhibit any further changes in time we analyzed the BOD 5 parameter. The resultant operational biological system parameters for the tested four flowrates are given in Table 3 .
The theoretical sludge age depicted in Table 3 was computed by considering the amount of biomass in the biological reactor. Operational sludge age was computed by dividing the amount of biomass in the biological reactor by the amount of biomass wasted daily as given below.
(3)
Considering that the biological system in the test conditions was a completely mixed continuous-flow reactor, the mass balance solution of the system for biomass under steady-state conditions results as shown in Eq. 4. This equation was used to compute the theoretical sludge age in the system.
(4)
In the system operation, both practical and theoretical sludge age were identified to be about 1 day without significant deviations for four different flowrate tests.
1 L mixed-liquor sample was taken from the aeration column at each operation under steady state and then allowed to settle in the beaker for 2 h. At the end of the settling period, 250 mL settled mixed-liquor supernatant was further filtered through 0.45 µm pore-sized cellulose-acetate filter membrane and then filtrates were analyzed for TP, PO 4 -P, TKN, NH 4 -N, and BOD 5 concentrations. The results are given in Table 4 . Physicochemical Post-Treatment
In this stage, 0.5 L supernatant of the settled samples was transferred to another beaker, and lime in the form of Ca(OH) 2 was added into the beakers, resulting in a pH of about 10.5. The amounts of lime added to 0.5 L filtrates were 1.80, 1.85, 1.85, and 1.95 g Ca(OH) 2 for Test 1, Test 2, Test 3, and Test 4 samples, respectively. Consequently, the samples were mixed in a jar test apparatus for 5 min at 200 rpm, and subsequently for 30 min at 50 rpm. Subsequently, the suspension was allowed to settle for 2 h. Then, 250 mL supernatant was filtered through a 0.45-µm pore-sized cellulose-acetate filter membrane, and the filtrate was analyzed for TP, PO 4 -P, TKN, NH 4 -N, and BOD 5 concentrations. The results are given in Table 5 .
Traditionally, technologies such as biological and chemical treatment for phosphate or nitrate have been widely used [34] . Recently, the synthesis and performance of iron oxide-based porous ceramsite in a biologically aerated filter were used for the simultaneous removal of nitrogen and phosphorus from domestic wastewater [35] . [36] studied phosphorus removal efficiency in sediment samples collected from the outlet of the Yangtze River and found higher removal efficiency (60-89%) for phosphorus after modified conditions with iron.
In another study, generally high rates (more than 80% of organic substances and 90% of phosphorus removal) could succeed with the chemical addition in sewage treatment [37] . The chemical treatability of sewage water was investigated by performing a series of experiments on sewage water taken from Baltalimani Mechanical Treatment Plant in Istanbul.
A second study [38] investigated the performance of chemical precipitation on soluble and particulate contaminants in municipal wastewater by chemical precipitation. For this aim, they used alum, ferric salts, and lime at optimal dosages to the effluent samples collected from Baltalimani and Yenikapi preliminary wastewater treatment plants, which are two of the major wastewater treatment plants in Istanbul. Particulate COD removal efficiency was 90% around optimal dosage except for lime, for both of the wastewaters. If lime is used, the removal efficiency for the particulate COD was lower than the other chemicals. Soluble TP removal efficiency was more than 93% for both of the wastewaters, but particulate TP removal efficiency was 60-77% and less than 50% for Yenikapi and Baltalimani wastewaters, respectively. Particulate TKN removal efficiency was about 80% for both wastewaters. However, the removal efficiency of soluble TKN was lower than 20%.
Conclusions
The results indicated that high-loaded activated sludge systems offer relatively high organic matter removal in short hydraulic retention times as compared to long hydraulic retention times in low-loaded systems. The high removal is attributed to adsorption of organic colloidal particles on mixed-liquor suspended solids, which are removed by settling in the secondary settling tank. Lime coagulation applied to the supernatant in the secondary settler decreased organic matter concentration in the supernatant to acceptable low levels.
Applied hydraulic retention time, or sludge age, provided the conversion of bound nitrogen and phosphorus forms into inorganic forms at high efficiency. The high conversion efficiencies obtained under the applied relatively short hydraulic retention times are attributed to microbial activities that were present in the biological reactor. Applied high organic load rates prevented nitrification, and thereby almost all the nitrogen remained in ammonia form in the biological reactor effluent.
Lime treatment of the supernatant in the secondary settler provided successful removal of ammonia during the mixing period (aeration period) in a jar test apparatus. The addition of lime also resulted in orthophosphate removal, possibly by chemical precipitation, resulting in low supernatant phosphorus limits.
Appendix. Determining Kinetic Parameters
The completely mixed system with the displayed boundaries is shown below.
It is clear that in the above system, in completely mixed flow conditions, the hydraulic detention time of solid particles, θ c , will be equal to the detention time of the water molecules, θ, due to the thorough mixing effect in the tank. Hence, if sludge recirculation from the settling tank to the biologically active tank is not applied, then the statement given in Eq. A1 is utilized.
(A1) For the above system, the mass balance for the microorganisms can be written as below:
If all the terms in Eq. A2 are divided by volume, the following statement is obtained:
Considering that the raw wastewater influx from the sewage system does not include the type of microorganisms that are active in a biological conversion process in the tank, the concentration of microorganism X 0 in raw wastewater is accepted as zero. Additionally, if all terms in Eq. A1 are divided by ∀, and the ratio is indicated by hydraulic retention time θ under continuousflow conditions, then Eq. A2 takes the following form:
Net growth rate in biological systems is expressed as follows:
Considering that under steady-state operational conditions microorganism concentration gradient with respect to time, , is zero, then embedding Eq. A4 in Eq. A3 gives the following equation for steady-state operational conditions:
The substrate (BOD 5 ) mass balance statement on the system boundaries for Fig. 2 
